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1
PHANTOM FOR DIFFUSION MRI IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s the national stage of International Application No.
PCT/US10/22088 filed on Jan. 26, 2010, which claims the

benefit of U.S. Provisional Patent Application No. 61/147,
314, filed on Jan. 26, 2009, the contents of all of which are

incorporated herein by reference.

FIELD

This document relates to a phantom calibration body and
methods of using the phantom calibration body to calibrate
diffusion MRI 1maging devices. The phantom calibration
body that includes a homogeneous aqueous solution that
contains a mixture of low molecular-weight and high
molecular-weight polymers formulated to provide a speci-
fied water diffusivity and viscosity.

BACKGROUND

Diffusion magnetic resonance imaging (diffusion MRI)
combines nuclear magnetic resonance (NMR) imaging prin-
ciples with those that encode molecular diffusion 1n the
NMR signal by magnetic field gradient pulses. Molecular
diffusion refers to the random translational motion of mol-
ecules, also called Brownian motion that results from the
t_lermal energy carried by these molecules. The rationale for
diffusion MRI 1s that during the random and diffusion driven
displacements, these molecules probe tissue structure at a
microscopic scale well beyond the usual 1image resolution
available 1n other 1maging technologies.

Water 1s the most convenient molecular species to study
using diffusion MRI, although other metabolites may also be
studied. During typical diffusion times of about 50 msec,
water molecules may move 1n tissue, such as brain tissue,
over distances of about 10 um while bouncing, crossing, or
interacting with many other tissue components, such as cell

membranes, fibers, or macromolecules. For example, the

overall effect observed 1n a diffusion MRI 1mage voxel of

several mm” reflects on a statistical basis the displacement
distribution of the water molecules present within this
particular diffusion MRI 1image voxel. The observation and
analysis of this displacement distribution may provide
unique insights into the structure and geometric organization
of tissues.

Diffusion, as governed by Fick’s law, may be expressed
as:

J=-DV(C) (1)

wherein C 1s the concentration, D 1s the diffusivity, and J
1s the flux vector.

Diath

usion MRI characterizes the diffusion coethicient, D,

by experimental measurements. In partlcular diffusion MRI

makes use of the attenuation of the diffusion MRI signal due

to the diffusion and resulting random movement of water

molecules over time. For a single diffusion MRI image, this

attenuation, A, may be expressed as:
A=e D)

(2)

wherein b, or the “b-value”, 1s a numerical quantity used
to characterize the timing, amplitude, and shape of magnetic
gradients pulses used in the diffusion MRI acquisition
sequence.

In biological tissues water diflusion may be an anisotropic
process, where the b-value and the diffusion coeflicient D
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may be characterized as tensors and the diffusivity of water
molecules may be captured using tensor characterizations.
However, for many purposes, apparent diflusion coetlicient
(ADC), which 1s a single scalar quantity, may be used to
capture the value of water diffusivity within a given sample
along a particular direction.

The ADC may be calculated by acquiring two or more
diffusion MRI images using diflerent magnetic field gradient
durations or amplitudes, thereby resulting 1n different b-val-
ues for each diffusion MRI image derived using equation
(2). The contrast in an ADC map derived from a comparison
of two or more diffusion MRI 1mages depends on the
spatially distributed diffusion coellicients of the acquired
tissues and excludes eflects from T, or T,* relaxations. By
acquiring multiple diffusion MRI images with different
b-values, and then plotting the logarithm of signal intensity
as a function of these b-values, the ADC may be determined
from the slope of the acquired plotted data.

Diffusion MRI has been applied climically to detect brain
ischemia, following the discovery in a cat brain model that
water diflusion drops at a very early stage of an 1schemic
event. The increased sensitivity of diffusion-weighted dii-
fuston MRI 1n detecting acute ischemia 1s due to the
restricted intracellular motion of water protons 1n a manner
similar to cytotoxic edema. A decreased ADC, as measured
by a diffusion MRI device, 1s a sensitive indicator of early
brain 1schemia that has gained widespread acceptance. By
detecting changes in water diffusivity, diffusion MRI may
provide patients with the opportunity to receive suitable
treatment at a stage when brain tissue might still be salvage-
able.

In order to develop and implement climical diagnostic
criteria that incorporate diffusion MRI measurements, the
diffusion MRI data must be obtained in a precise, accurate
and repeatable manner. However, the diffusion MRI data
may vary between different diffusion MRI devices, or the
data may vary for the same diflusion MRI device over time
due to gradual changes in the hardware of the diffusion MRI
device or updates 1n data acquisition software used by the
diffusion MRI device to process the acquired data. In order
to achieve a suitable level of precision and accuracy, peri-
odic calibration of the diffusion MRI device 1s essential.

It 1s known that diffusion MRI devices may employ a
phantom calibration body to calibrate these types of devices.
Existing phantom calibration bodies have been constructed
from gels and polymer materials to calibrate various aspects
of the diffusion MRI device; however, none of these existing
phantom bodies are stable, non-flammable, non-toxic, trans-
portable, vibration dampening, and/or exhibit 1sotropic dii-
fusion properties within a range of viscosities. In addition,
common additives, including contrast agents such as mag-
nesium chloride and gadolimmum-diethylenetriamine penta-
acetic acid (Gd-DTPA) have been incorporated into the
materials of existing phantom calibration bodies. However,
these additives failed to alter the diffusion properties suili-
ciently to mimic the diffusivity of tissues suitable for cali-
brating a diffusion MRI device.

As such, there exists a need in the art for a phantom
calibration body with known and controllable water diffu-
s1vity characteristics that mimic those in the tissues to be
subjected to diffusion MRI. Further, there exists a need for
a method of making a phantom calibration body 1n which the
water diflusivity may be adjusted to match the diffusivity of
the particular tissues to be subjected to diffusion MRI. There
also exists a need 1n the art for a method of calibrating a
diffusion MRI device for diffusion and image resolution
characteristics using the phantom calibration body.
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SUMMARY

The present invention may be a method for calibrating a
diffusion MRI device includes providing a phantom calibra-
tion body having a homogenous aqueous solution including
a first polymer having a high molecular-weight and a second
polymer having a low molecular-weight. The homogenous
aqueous solution has a diffusivity that 1s essentially the same
as a target material and a viscosity ranging from about 107
centistokes (cSt) to about 10° cSt. The method further
includes placing the phantom calibration body in a diffusion
MRI device and obtaiming diffusion imaging data of the
phantom calibration body by scanning the phantom calibra-
tion body with the diffusion MRI device. The method then
calculates a diffusivity measurement that 1s indicative of
water diflusivity of the homogeneous aqueous solution.

The present invention may be a method of manufacturing
a phantom calibration body having a homogeneous aqueous
solution 1ncludes combining a high molecular-weight poly-
mer and water to produce a first solution and then combining,
a low molecular-weight polymer and water to produce a
second solution with a high molecular-weight polymer. The
method then includes mixing the first solution and the
second solution to form a homogeneous aqueous solution
having a diffusivity that 1s essentially the same as a target
material and a viscosity ranging from about 10° ¢St to about
10° cSt.

The present invention may be a system for calibrating an
imaging device includes a phantom calibration body having
a homogeneous aqueous solution including a first polymer
having a high molecular-weight and a second polymer
having a low molecular-weight. The homogenous aqueous
solution has a diffusivity that 1s essentially the same as a
target material and a viscosity ranging from about 10° ¢St to
about 10° ¢St. The system further includes a diffusion MRI
device for acquiring one or more diflusion MRI images with
cach of the one or more diffusion MRI 1mages having a
diffusion property.

The present invention may be a computer-readable media
1s encoded with a diffusion MRI calibration system {for
calibrating a diffusion MRI device using a phantom calibra-
tion body. The computer-readable media includes computer-
readable 1nstructions executable by at least one processor for
performing the steps of obtaining one or more diffusion MRI
images of the phantom calibration body using the diffusion
MRI device. The phantom calibration body includes a
homogeneous aqueous solution having a first polymer
including a high molecular-weight and a second polymer
with a low molecular-weight. The homogenous aqueous
solution has a diffusivity that 1s essentially the same as a
target material and a viscosity ranging from about 10° ¢St to
about 10° ¢St. The computer-readable instructions further
include making diffusivity measurements for each of the one
or more diffusion MRI 1mages of the phantom calibration
body using at least one processor and then calibrating the
diffusion MRI device based on the diffusivity measurements
calculated for each of the plurality of diffusion MRI images
of the phantom calibration body.

The present invention may be a method for calibrating a
diffusion MRI device includes providing an 1sotropic phan-
tom calibration body having a homogenous aqueous solu-
tion including a first polymer having a high molecular-
weight and a second polymer having a low molecular-
weight. The homogenous aqueous solution has a diffusivity
that 1s essentially the same as a target material and a
viscosity ranging from about 10% ¢St to about 10° ¢St. The
method further includes placing the phantom calibration
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4

body 1n a diffusion MRI device and obtaining diffusion
imaging data of the phantom calibration body by scanning
the phantom calibration body with the diffusion MRI device.
The method then determines the presence or absence of an
artifactual orientational systematic bias in the diffusion
imaging data of the 1sotropic phantom calibration body.

Additional objectives, advantages and novel features will
be set forth 1n the description which follows or will become
apparent to those skilled 1n the art upon the examination of
the drawings and detailed description which follows. Com-
binations and subcombinations of the systems and methods
described herein may be made.

[l

BRIEF DESCRIPTION OF THE DRAWINGS

The following figures illustrate various aspects of the
embodiments described herein:

FIG. 1 1s a cross-sectional view illustrating an embodi-
ment of a spherical phantom calibration body.

FIG. 2 1s a simplified block diagram of a diffusion MRI
calibration system for calibrating a diffusion MRI device
using a phantom calibration body;

FIG. 3A 1s an front view 1llustrating an embodiment of the
phantom calibration body;

FIG. 3B 1s a side view 1illustrating embodiment of the
phantom calibration body;

FIG. 3C 1s a top view illustrating embodiment of the
phantom calibration body; and

FIG. 4 1s a graph showing measured log signal intensities
as a function of b-value for a 65% (wlw) polymer phantom
calibration body at 20.6° C. (upper line) and at 37° C. (lower
line);

FIG. 5 1s a graph showing the results of measured
apparent diffusion coeflicient (ADC) as a function of the
concentration of polyvinyl pyrrolidone (PVP) solution 1n the
phantom calibration body;

FIG. 6 1s a graph showing the relaxation time T, as a
function of measured ADC 1n the phantom calibration body;

FIG. 7 1s a graph showing the monoexponential decay of
an MRI signal vs. b-value at different PVP concentrations;
and

FIG. 8 1s a graph showing the measured ADC as a
function of temperature and PVP concentrations.

Corresponding reference characters indicate correspond-
ing elements among the view of the drawings. The headings
used 1n the figures should not be interpreted to limit the
scope of the claims.

DETAILED DESCRIPTION

Provided herein 1s a phantom calibration body for the
calibration of a diffusion MRI device, and methods of
making and using the phantom calibration body. As will be
discussed below, the phantom calibration body may include
an aqueous solution of a high molecular-weight polymer and
a low molecular-weight polymer contained within a con-
tainer. The materials of the phantom calibration body may be
selected to be non-toxic, non-flammable, homogeneous, and
possess stable diffusion properties over repeated calibrations
and extended periods of storage. In addition, the materials of
the phantom calibration body are selected to achieve critical
performance characteristics such as a desired diffusivity of
water and a desired viscosity within the aqueous solution.

The phantom calibration body may be designed to have a
diffusivity value that 1s similar to the diffusivity of water 1n
a variety of living and/or non-living materials on which
diffusion MRI 1maging is to be performed, such as 1n vivo
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human tissues. The viscosity of the aqueous solution of the
phantom calibration body may have any value within a
broad range. The viscosity 1s selected in order to minimize
the confounding etlfects on the diffusion MRI measurements
caused by vibration of the phantom calibration body. The
vibrations may be attributed to various sources such as
vibration of the diflusion MRI device itself as well as
vibrations from the surrounding environment that can
vibrate the diffusion MRI device. The particular diffusivity
and viscosity characteristics of the phantom calibration body
may be selected based on factors such as the particular
material to be measured 1n the diffusion MRI device, the
performance characteristics of the diffusion MRI device to
be calibrated, and the particular purpose of the calibration.
The phantom calibration body may be used to calibrate a
diffusion MRI device 1n a variety of different contexts, such
as routine maintenance of diffusion MRI devices 1n institu-
tional difflusion MRI or radiology departments, quality
assurance and/or quality control processes by diffusion MRI
device vendors during installation or repair, and diffusion
MRI device manufacturing or development processes. In
addition, because the container 1s of known size and dimen-
s1ons, the phantom calibration body may also function as a
resolution phantom for calibrating the MRI device.

A detailed description of the phantom calibration body,
methods of making the phantom calibration body and meth-
ods of using the phantom calibration body are presented
below. Other aspects of the invention will become apparent
to the skilled artisan by the following description of the
invention.

1. DEFINITIONS

Before the present maternials and methods are disclosed
and described, 1t 1s to be understood that the terminology
used herein 1s for the purpose of describing particular
embodiments only and 1s not intended to be limiting. It must
be noted that, as used 1n the specification and the appended

claims, the singular forms “a,” “an” and “the” include plural

referents unless the context clearly dictates otherwise. For
the recitation of numeric ranges herein, each intervening
number there between with the same degree of precision 1s
explicitly contemplated. For example, for the range of 6-9,

the numbers 7 and 8 are contemplated 1n addition to 6 and
9, and for the range 6.0-7.0, the number 6.0, 6.1, 6.2, 6.3,

6.4, 6.5, 6.6, 6.7, 6.8, 6, 9, and 7.0 are explicitly contem-
plated.

a. Polymers

As used herein, the term “polymer” refers to any molecule
composed of repeating monomer structural units, such as,
homopolymers, copolymers, heteropolymers, branched
polymers, star copolymers, brush copolymers, comb copo-
lymers, grait copolymers, and block copolymers.

b. Diffusion MRI

As used herein, the term “diffusion MRI” refers to any
post-processing methodology that extracts information from
one or more diffusion- welghted Images, such as diffusion
imaging or diffusion tensor imaging methods. In diffusion-
weighted mmaging (DWI), each image voxel (i.e., three-
dimensional pixel) has an 1mage intensity that reflects the
rate ol water diflusion at that location. Diffusion tensor
imaging (D'T1) scans dertve information from the data using
3D or multidimensional vector algorithms based on three,
s1X, or more gradient directions, suflicient to compute the
diffusion tensor.
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¢. Diffusion-Weighted Image

As used herein, the term “diffusion-weighted i1mage™
refers to any diffusion MRI image in which the signal
intensity of each voxel 1s intfluenced by the diffusivity of the
object 1mage.

d. Low Molecular Weight

As used herein, the term “low molecular weight” refers to
any polymer having a molecular weight between about 5
kiloDaltons (kDa) and about 40 kDa.

¢. High Molecular Weight

As used herein, the term “high molecular weight poly-
mer”’ refers to any polymer having a molecular weight
between about 40 kDa and about 1000 kDa.

¢. Resolution Phantom

As used herein, the term “resolution phantom™ refers to
any phantom body of known dimensions that may serve as
a benchmark to calibrate various aspects of the spatial
resolution of the diffusion MRI i1mage, such as image
distortion.

f. Mixing Ratio

As used herein, the term “mixing ratio” 1s defined herein
1s the ratio of the weight of high molecular weight polymers
to the weight of low molecular-weight polymers included in
an aqueous solution.

g. lensor

As used herein, the term ““tensor” refers to geometric
entities 1ntroduced into physics to extend the notion of
scalars, vectors, and matrices.

h. Solution

As used herein, the term “solution” refers to a homoge-
neous mixture composed of two or more substances that
may include a suspension or an emulsion.

1. Polydispersity Index

As used herein, the term polydispersity index (PDI) refers
to a measurement of the distribution of molecular mass in a
given polymer sample and 1s calculated by the weight
average molecular weight divided by the number average
molecular weight. It further refers to the distribution of

individual molecular masses 1n a batch of polymers and 1s
denoted by the formula PDI=Mw/Mn.

2. PHANTOM CALIBRATION BODY

Referring to the drawings, an embodiment of a phantom
calibration body 1s 1llustrated and generally indicated as 12
in FIG. 1. The phantom calibration body 12 includes a
homogeneous aqueous solution 30 having a mixture of a
high molecular weight polymer and a low molecular weight
polymer. The homogeneous aqueous solution 30 1s con-
tained within a volume defined by the walls of a container
14. The walls of the container 14 may further define an
opening 32 that functions as a conduit through which the
volume of the container 14 may be filled with the aqueous
solution 30.

a. Homogeneous Aqueous Solution

The homogeneous aqueous solution 30 1s formulated to
provide a volume with known dimensions that has an
essentially spatially umiform diffusivity of water throughout
the volume. The diffusivity of water within the solution 30
may be controlled to any value within a range of desired
values that typically correspond to a diffusivity value near
that of a material to be measured by the diffusion MRI
device by varying the combined concentration of low and
high molecular weight polymers in the solution 30.

The composition of the homogeneous aqueous solution
30 may further incorporate other additives including, but not
limited to, antibacterial agents, 1onic and non-ionic surfac-
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tants, DMSQO, T, contrast agents, T,* contrast agents, and
D,0 1n order to impart additional desirable properties to the
solution 30 such as resistance to microbial degradation,
enhanced contrast of diffusion MRI images, and enhanced
solubility of the polymers 1n the solution 30, and T, and T,*
relaxivity characteristics that mimic the materials to be
measured 1n the diffusion MRI device. The materials of the
homogeneous aqueous solution 30 are further selected to
possess other properties such as non-toxicity, non-tlamma-
bility, and the ability to maintain a stable diffusivity of water
over extended periods of storage and use. In particular, the
materials included 1in the homogeneous aqueous solution 30
may be selected to minimize the evaporation of water from
the solution 30, any associated film formation or precipita-
tion, and to inhibit the formation of aggregations of com-
pounds that would degrade the homogeneity of the solution
30. The matenals of the homogeneous aqueous solution 30
also 1nhibit the formation of bubbles within the solution 30.

Another critical feature of the homogeneous aqueous
solution 30 1s viscosity. The viscosity of the homogeneous
aqueous solution 30 may be controlled to any value within
a range ol desired values by varying the amount of low
molecular weight polymer in the solution relative to the
amount of high molecular weight polymer in the composi-
tion of the solution 30. The viscosity of the homogeneous
aqueous solution 30 may dampen the eflects of external
vibrations associated with the diffusion MRI device and
surrounding environment during calibration of an MRI
device 16 (FIG. 2) thereby resulting 1n reduced measurement
artifacts.

A detailed description of the materials forming the homo-
geneous aqueous solution 30 and the influence of the choice
of materials included 1n the homogeneous aqueous solution
30 on the characteristics of the solution 30 including water
diffusivity and viscosity, are presented below.

1. Low Molecular Weight and High Molecular Weight
Polymers

The particular compound and compounds selected for the
low molecular weight polymers and high molecular weight
polymers, and the amount of each type of polymer included
in the solution 30 largely determine the critical characteris-
tics of the solution 30 such as water diffusivity, viscosity,
homogeneity, and stability over time.

1. Combined Polymer Concentration Governs Diflusivity
ol Solution

The diffusivity of water within the homogeneous aqueous
solution 30 1s governed essentially by the combined con-
centration of the high molecular weight polymer and the low
molecular weight polymer within the solution 30. The
diffusivity of water may also be governed by the temperature
of the homogeneous aqueous solution 30. In addition, the
diffusivity of water within the homogeneous aqueous solu-
tion 30 1s relatively insensitive to the individual molecular
weights of each polymer in the solution 30. The homoge-
neous aqueous solution 30 may be designed to have any
diffusivity value within a relatively broad range. The diffu-
s1vity of the homogeneous aqueous solution 30 may range
from about 2x10™* mm?/s to about 3x10™> mm~/s. Alterna-
tively, the diffusivity of the homogeneous aqueous solution

30 may range from about 2x10™* mm®/s to about 4x10~*
mm?=/s, from about 3x10™* mm?/s to about 5x10~* mm?/s,

from about 4x10™* mm~/s to about 6x10™" mm?=/s, from

about 5x10™* mm?=/s to about 7x10™* mm?/s, from about
6x10~* mm?/s to about 8x10~* mm?/s, from about 9x10~*
mm-=/s to about 1.1x10™> mm~=/s, from about 1x10™> mm?/s
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to about 2x10™° mm?=/s, from about 1.5x10™> mm*/s to about
2.5%107° mm?/s, or from about 2x10~° mm?/s to about
3x107° mm?/s.

The homogeneous aqueous solution 30 may incorporate a
concentration of polymers selected to achieve a water dii-
fusivity that 1s essentially matched to the diflusivity of a
material to be measured using diffusion MRI. In particular,
the homogeneous aqueous solution 30 may be designed to
have a diffusivity value that 1s similar to the diffusivity of
water 1n a variety of living and/or non-living materials on
which diffusion MRI 1s to be performed, such as mammalian
tissues. Non-limiting examples of mammalian tissues may
include brain tissue, liver tissue, prostate tissue, breast
tissue, cardiac tissue, pancreatic tissue, and kidney tissue.
Because the homogeneous aqueous solution 30 used to
manufacture the phantom calibration body 12 has a repro-
ducible behavior and a known dependence of diffusivity on
polymer concentration, the phantom calibration body 12
may be used to mimic diffusion properties of tissues other
than brain tissue. Such an application has particular 1mpor-
tance 1n organ or whole body imaging such as screening,
assessing or diagnosing cancer. Exemplary tissues may
include skeletal, cardiac or smooth muscle, cartilage, and
other extracellular matrix based tissue. Organs whose tissue
could also be mimicked with the phantom calibration body
12 may include the liver, kidney, prostate, testicles and other
reproductive organs, stomach, heart, lymph nodes, tongue
and other bodily organs.

In addition, because the homogeneous aqueous solution
30 used to manutacture the phantom calibration body 12 has
a reproducible behavior and a known dependence of diflu-
sivity on polymer concentration, the phantom calibration
body 12 may be also be used to mimic diflusion properties
in other biological and non-biological media. For example,
the biological media may include agricultural products
including vegetables, fruits, meats, and dairy products, such
as cheeses, vogurt, and milk products. Other biological
media may include processed foods, such as candy, choco-
late, jams and jelly, peanut butter and other nut-based
butters, beverages including sodas, syrups, juices, and oils
such as canola, olive, peanut and other nut-based oils. Other
potential applications for the phantom calibration body 12
may include calibration of MRI-based experiments to test,
monitor, assess or evaluate aquatic animals for sale, such as
fish, scallops, clams, oysters and other aquatic specimens.

The homogeneous aqueous solution 30 may include low
molecular weight and high molecular weight polymers 1n a
combined amount of at least 0.1% (w/w). The homogeneous
aqueous solution 30 may include low molecular weight and
high molecular weight polymers 1 a combined amount
ranging from about 0.1% to about 1.0%, 1.0% to about 5%
(w/w), 5% to about 20% (w/w), 20% to about 30% (w/w),
from about 25% to about 35% (w/w), from about 30% to
about 40% (w/w), from about 35% to about 45% (w/w),
from about 40% to about 50% (w/w), from about 45% to
about 55% (w/w), from about 50% to about 60% (w/w),
from about 53% to about 65% (w/w), from about 60% to

about 70% (w/w), from about 65% to about 75% (w/w), and
from about 70% to about 80% (w/w).

The polymers that may be included in the homogenous
solution may be selected based upon 1ts conformational and
polydispersity index. The PDI of polymers that may be used
in the solution may have a PDI value of 1 to 20, or 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
thereof.
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2. Mixing Ratio Governs the Viscosity of Solution

The viscosity of the homogeneous aqueous solution 30
may be used to minmimize the effect of convection within the
solution 30 that may introduce artifacts into the water
diffusion properties of the phantom calibration body 12.
Undesirable convective cells or eddies may form within the
homogeneous aqueous solution 30 of the phantom calibra-
tion body 12 due to movement of techmicians near the
diffusion MRI device 16, movements of mechanical ele-
ments within the diffusion MRI device, or ambient vibra-
tions and vibrations created by the diffusion MRI device or
associated equipment. The viscosity of the aqueous solution
30 may exert damping shear stresses that tend to minimize
the propagation of any convective or advective motion that
may form within the phantom calibration body 12 during its
use 1n the diffusion MRI device 16.

The viscosity of the homogeneous aqueous solution 30
may have any value within a broad range. The viscosity of
the homogeneous aqueous solution 30 may range from about
10 ¢St to about 10,000,000 cSt. Alternatively, the viscosity
of the aqueous solution 30 may range from about 10 ¢St to
about 1000 cSt, from about 100 ¢St to about 10,000 cSt,
from about 1000 cSt to about 100,000 cSt, from about
50,000 ¢St to about 250,000 cSt, from about 100,000 cSt to
about 300,000 cSt, from about 200,000 ¢St to about 400,000
cSt, from about 300,000 ¢St to about 500,000 cSt, from
about 400,000 ¢St to about 600,000 cSt, from about 500,000
cSt to about 700,000 cSt, from about 600,000 cSt to about
800,000 cSt, from about 700,000 ¢St to about 900,000 cSt,
and from about 800,000 ¢St to about 1,000,000 cSt. In an
exemplary embodiment, the viscosity of the aqueous solu-
tion 30 may be about 100,000 cSt. The particular viscosity
of the homogeneous aqueous solution 30 may be selected to
be sufliciently high in order to damp out the eflects of
vibrations, without adversely aflecting other aspects of the
solution 30, such as the ability to eliminate air bubbles that
may form within the solution 30 during manufacture, use or
storage and the ease with which the solution 30 may be
inserted into the container 14 during the manufacture of the
phantom calibration body 12. The addition of a surfactant to
the homogeneous aqueous solution 30 may render the solu-
tion easier to transier into the container 14.

The relative amounts of low and high molecular weight
polymers may be quantified using a mixing ratio, defined
herein as the ratio of the weight of the high molecular weight
polymer to the weight of the low molecular-weight polymer
included 1n the homogeneous aqueous solution 30. The
mixing ratio may range irom about 1:100 to about 100:1.
Alternatively, the mixing ratio may range from about 1:100
to about 1:10, from about 1:50 to about 1:5, from about 1:10
to about 1:1, from about 1:5 to about 10:1, or from about 5:1
to about 100:1. In an exemplary embodiment, the mixing
ratio of high molecular-weight polymer to low molecular-
weight polymer 1s about 9 to 1. The upper limit of the mixing,
ratio may be constrained by the solubility of the polymers at
the intended concentration of the mixture.

In general, the polymers included in the homogeneous
aqueous solution 30 may be selected from at least two or
more groups of polymers having different ranges of molecu-
lar weights. The range of molecular weight of one polymer
group may overlap with the weight range of one or more of
the other polymer groups, or each of weight ranges of the
polymer groups may be distinct from each of the other
polymer groups. For example, the homogeneous aqueous
solution 30 may include three polymer groups: a low
molecular weight group, an intermediate molecular weight
group, and a high molecular weight group. Alternatively, the
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molecular weights of the polymers included i the homo-
geneous aqueous solution 30 may have an essentially con-
tinuous distribution of molecular weights, and one or more
statistical descriptions of the distribution such as a mean, a
median, a mode, an average, or a standard deviation may be
used to select a particular distribution of polymer molecular
weights 1 order to obtain the desired qualities of the
homogeneous aqueous solution 30.

In general, the viscosity of a polymer solution increases
significantly with the molecular weight of the polymers
included in that solution. In addition to increasing the
viscosity of the homogeneous aqueous solution 30, high
molecular-weight polymers tend to generate more consistent
NMR signals, while the low molecular-weight polymers
generate more noisy NMR signals due to the relatively
higher proportion of end-groups in the low molecular-
weight polymers.

The low molecular-weight polymer may have a molecular
welght from about 5 kDa to about 40 kDa, while that of a
high molecular-weight polymer may have a molecular
weight from about 40 kDa to about 1000 kDa. The low
molecular-weight polymer may alternatively have a molecu-
lar weight from about 5 kDa to about 15 kDa, from about 10
kDa to about 20 kDa, from about 15 kDa to about 25 kDa,
from about 20 kDa to about 30 kDa, from about 25 kDa to
about 35 kDa, or from about 30 kDa to about 40 kDa. The
high molecular-weight polymer may alternatively have a
molecular weight from about 40 kDa to about 1000 kDa,
from about 100 kDa to about 300 kDa, from about 200 kDa
to about 400 kDa, from about 500 kDa to about 700 kDa,
from about 600 kDa to about 800 kDa, from about 700 kDa
to about 900 kDa, or from about 800 kDa to about 1000 kDa.

The high molecular-weight polymer may have a molecu-
lar weight of at least about twice that of the low molecular-
welght polymer, at least about three times that of the low
molecular-weight component, at least about four times that
of the low molecular-weight component, or at least about
five times that of the low molecular-weight component. The
degree of molecular weight range overlap for the low
molecular weight and high molecular weight polymers may
depend on the particular choice of the molecular weight for
the low molecular-weight polymer. The high molecular-
weight polymer may have a molecular weight of at least
about four times that of the low molecular-weight polymer.
For example, for a low molecular-weight polymer having a
molecular weight of 10 kDa, the ligh molecular-weight
polymer may have a molecular weight of only 40 kDa.

As will be appreciated by persons 1n the art, the ratio and
total concentration of the low and high molecular-weight
polymers may be selected to achieve desired levels of
transport properties such as viscosity, convection, and dif-
fusion of the homogeneous aqueous solution 30.

3. Choice of Polymer Compound Influences Stability of
Solution

In order to achieve a diffusivity of water 1n a homoge-
neous aqueous solution 30 in a phantom calibration body 12
that mimics materials such as biological mammalian tissues,
a relatively high concentration of solutes may be necessary.
The selection of solute materials for the homogeneous
aqueous solution 30 1s constrained by a number of physical
factors. A high concentration of a small molecule solute 1n
the homogeneous aqueous solution 30 1s known to be
vulnerable to undesirable crystallization and/or formation of
metaphasic structures when a threshold of concentration of
the small molecule solute 1s exceeded, when a certain
temperature 1s reached, or when a small impurity core
develops 1n the homogeneous aqueous solution 30.
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Short-chain low molecular-weight polymer materials are
subject to similar constraints that may impose an upper limait
on the concentration of the polymer 1in the homogeneous
aqueous solution 30. For example, large concentrations of
cellulose solution or cellulose dertvatives may lead to crystal
formation mm a homogeneous aqueous solution 30 with
resulting ordered structures that degrade the homogeneity of
the solution 30. Although the use of long-chain high molecu-
lar-weight polymers 1n the homogeneous aqueous solution
30 may result 1n a solution that 1s resistant to crystallization
at high solute concentrations, the viscosity of the solution 30
may be unacceptably high for practical applications, such as
calibration of a diffusion MRI device 16.

It has been surprisingly found that a homogeneous aque-
ous solution 30 including a mixture of both short-chain low
molecular-weight and long-chain high molecular-weight
polymer maternials achieves solute concentrations that are
suiliciently high in order to mimic the diffusivity of mate-
rials such as mammalian tissues, while minimizing the risk
of crystallization and avoiding excessively high solution
viscosity. The low molecular-weight and long-chain high
molecular-weight polymers may be selected to be diflerent
polymer species. In order to minimize phase separation that
may degrade the homogeneity of the homogeneous aqueous
solution 30, the low molecular-weight and high molecular-
weight polymers may be essentially the same polymer
species. In addition to influencing the wviscosity of the
homogeneous aqueous solution 30 as discussed above, the
inclusion of a low molecular weight polymer may further
enhance the solubility of the high molecular weight polymer
in the aqueous solution 30.

In addition to the physical constraints influencing the
selection of solutes to be included in the homogeneous
aqueous solution 30, the chemical properties of the solutes
also may influence the selection of solutes. Polymers that
tend not to associate or form hydrogen bonds or form
extended clusters 1 concentrated homogeneous aqueous
solutions and tend not to exhibit aging eflects such as
spontaneous polymer cross-linking, cleavage, or other deg-
radation are excellent candidate polymers for use 1n the
homogeneous aqueous solution 30 of the phantom calibra-
tion body 12.

Polymers suitable for use 1n the phantom calibration body
12 may include, but are not limited to, water soluble and
water dispersible polymers such as polyvinyl alcohol, poly-
saccharides, cellulose and its derivatives, polyvinyl pyrroli-
done, polyacrylamides, polyacrylates, and polyethylene gly-
cols. Other non-limiting examples of suitable polymers
include copolymers such as copolymers of statistical type
(not typically block type) and may contain polar groups.
Non-limiting examples of comonomers include acrylic acid,
methacrylic acid, acrylamide, vinyl pyrrolidone, vinyl alco-
hol, and small vinyl monomers. In an exemplary embodi-
ment, the copolymer may include from about 80% to 100%
vinyl pyrrolidone and from 0% to about 20% comonomer or
dimethylsiloxane-ethylene oxide copolymers. The phantom
calibration body 12 may include mixtures ol polymers,
mixtures of copolymers, and mixtures of polymers and
copolymers. As used herein, polymers and copolymers
encompass these mixtures as well. In an exemplary embodi-
ment, the polymer included in the homogeneous aqueous
solution 30 1s polyvinyl pyrrolidone.

The phantom calibration body 12 may include materials
that impart a magnetic resonance signal. For example, the
homogeneous aqueous solution 30 of the phantom calibra-
tion body 12 may include signal bearing substances includ-
ing, but not limited to, aqueous paramagnetic solutions, pure
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gels of gelatin, agar, polyvinyl alcohol, water soluble sili-
cone compounds, polyacrylamide, agarose, organic doped
gels, gels doped with paramagnetic additives, and reverse
micelle solutions. The measured diffusivity of the phantom
calibration body 12 may be independent of the diffusion
time, ndicating a Gaussian diflusion of a single population
ol spins.

The polymers included in the homogeneous aqueous
solution 30 may be obtained commercially in the desired
molecular weight ranges. Alternatively, the polymers may be
obtained at a range of molecular weights and separated into
molecular weight groups using techniques known 1n the art
such as serial filtration and sifting. The polymers may be
synthesized and then fractionated to the desired one or more
molecular weights using techniques known 1n the art.

The phantom calibration body 12 may further contain a
plurality of fibers of additional materials such as silks, cloth
tapes, wood, and glass fibers soaked 1n the aqueous solution
30.

b. Container

The homogeneous aqueous solution 30 used for the
phantom calibration body 12 is housed within a container 14
constructed of a material that 1s essentially transparent to the
diffusion MRI device 16 during calibration of the MRI
device 16. Non-limiting examples of materials suitable for
the construction of the container include plastic, composites,
or other diffusion MRI-compatible materials. The container
14 may include an array of plastic containers, such as
polycarbonate, polyethylene, polystyrene, polyvinyl chlo-
ride, or polytetrafluoroethylene bottles, or glass bottles, each
containing varying concentrations of homogeneous aqueous
solutions 30. In an exemplary embodiment, the material of
the container 1s plastic.

A spherical container 14 may minimize susceptibility
cllects relative to other container shapes. Alternatively, the
container may be an anthropogenic container. The shape of
the container 14 may be selected to minimize susceptibility
ellects resulting from NMR si1gnal distortions at the interface
of the container wall and the aqueous solution 30. In an
exemplary embodiment, the shape of the container 1s spheri-
cal.

Without being bound to any particular theory, a spherical
container may minimize susceptibility effects relative to
other container shapes. When placed 1n a parallel magnetic
field, the magnetic field 1s minimally distorted by the spheri-
cal container wall. Thus, any varnations in the measured
response to the applied magnetic field are more likely to be
due to non-homogeneity of the applied magnetic field, rather
than artifacts 1n the measurements related to spurious sus-
ceptibility eflects.

The shape of the container 14 may be selected to be an
casily measured shape such as a cube, a rectangular prism,
or a cylinder. In this case, because the container 14 1s of
known size, the size of a diffusion MRI 1mage of the
container 14 may be used to calibrate the image distortion of
the diffusion MRI 1image by the diffusion MRI device 16. In
this manner, the phantom calibration body 12 may function
as a distortion phantom as well as a diffusion phantom.

The homogeneous aqueous solution 30 may replace a
nickel chloride or copper sulfate solution used 1n an existing
resolution phantom, such as a General Electric (GE) Health-
care resolution phantom accompanying a GE MR scanner.
The additional sulfate additive may be included to keep the
polymer solution sterile. The aqueous solution 30 may be
inserted mto a commercially available anatomy phantom,
such as the ADNI phantom from the Phantom Laboratory,
Inc.
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In addition to the properties described above, the material
of the container 14 may be selected based on other properties
such as non-reactivity with compounds within the homoge-
neous aqueous solution 30, material strength, puncture resis-
tance, fracture resistance, and the ability to be repeatedly
autoclaved without significant degradation.

Referring back to FIG. 1, the container 14 includes an
opening 32 that functions as a conduit through which the
container 14 may be filled with the homogeneous aqueous
solution 30. The opening 32 may also be sealed ofl using any
means known 1n the art such as a stopper, screw cap, a sealed
access door, or a cap having an O-ring.

3. METHODS OF PRODUCING PHANTOM
CALIBRATION BODY

Complete dissolution and mixing of the polymers 1n the
homogeneous aqueous solution 30 1s a critical process in
order to produce the solution 30 suitable for use in the
phantom calibration body 12. Conventional methods of
producing solutions 30, such as adding a solvent to a
measured quantity of polymer until the desired concentra-
tion 1s achieved may not result 1n complete dissolution of the
polymer when used with the high molecular weight polymer
species described above. Therefore, the methods used to
produce the homogeneous aqueous solution 30 are selected
to ensure complete, homogeneous dissolution of the poly-
mers and other additives.

In general, the preparation of homogenecous polymer
aqueous solutions 30 from hydrophilic glassy polymers with
high solute content are challenging due to inter- and 1ntra-
molecular interactions between the polymers such as hydro-
gen bonding, leading to entanglement of the polymer chains
and gelation. The production method may include mixing
short-chain low molecular-weight polymers with long-chain
high molecular-weight polymers. Surprisingly, the addition
of low molecular-weight polymers decreases the itra-mo-
lecular association among the high molecular-weight poly-
mer molecules as well as the solubility of the high molecu-
lar-weight polymers 1n the solvent. The resulting
homogeneous aqueous solution 30 1s homogeneous and
achieves a polymer concentration of at least 30% (w/w) as
described above.

In an exemplary embodiment, a multi-step process 1s used
to produce the homogenecous aqueous solution 30. An
amount of the low molecular weight polymer 1s added to an
amount ol water until the desired polymer concentration 1s
achieved, forming a low molecular weight polymer solution.
Similarly, an amount of the high molecular weight polymer
1s added to an amount of water until the desired polymer
concentration 1s achieved, forming a high molecular weight
solution. Both the low and high molecular weight solutions
are mixed and the polymer 1s added using methods known
in the art such as stirring and agitation.

During the formation of the low and high polymer solu-
tions, techniques known 1n the art may be used to minimize
the introduction of gas bubbles into the solutions during
production. The formation of bubbles 1s particularly prob-
lematic 1n the high molecular weight solution, because the
high viscosity of this solution resists the release of bubbles.
The polymer may be added very slowly during the formation
of the solution and the mixing speed may be limited to
speeds at which gas 1s not introduced into the solvent during
mixing. In addition, the solutions may be formed 1n a
reduced pressure environment, 1n order to increase the size
of any bubbles, thereby reducing the relative drag on the
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bubbles with respect to the buoyant force, hastening the
climination of gas out of the homogeneous aqueous solution

30.

The dissolution times of each solution depends on the
molecular weight of the polymer 1n each solution. For
example, a polymer with a molecular weight of 10 kDa will
dissolve relatively quickly, and a polymer with a molecular
weight of greater than 200 kDa will take several hours to
dissolve. In order to reduce the dissolution times, the solu-
tions may be heated to a temperature ranging from about 20°
C. to about 95° C.

Once the low and high molecular weight solutions have
reached dissolution, the high molecular weight solution may
be mixed with the low molecular weight solution to produce
the homogeneous aqueous solution 30. Any low molecular
weight additives may be mixed into the low molecular
weight solution prior to adding the high molecular weight
solution. To enhance the rate and eflectiveness of the
homogenization process, the mixture of the two solutions
may be stirred and/or heated to a temperature ranging from
about 20° C. to about 95° C.

During the preparation of the homogeneous aqueous
solution 30, an amount of ions and/or gadolintum-based
diffusion MRI contrast agents may be doped into the low
molecular weight solution 1n order to achieve desired T, and
T,* relaxation times for the solution 30. Other additives may
be mixed into the low molecular weight solution such as
antibacterial agents such as sodium azide, 1onic and non-
ionic surfactants, DMSO, T, and T,* contrast agents, and
D, 0. Ionic surfactants may be selected from calcium 10ons,
and EDTA.

The high molecular weight solution may be slowly 1ntro-
duced into the low molecular weight solution while con-
tinuously mixing the low molecular weight solution.
Because the low molecular weight solution has a lower
viscosity relative to the high molecular weight solution, the
viscosity of the mixture of the solutions increases gradually,
thereby enhancing the kinetics of mixing of the solutions
and inhibiting the formation of bubbles in the mixture.

In the various production methods described above, the
formation of bubbles may be mimimized by the selection of
appropriate mixing rates and/or mixing the solutions in a
low pressure and/or elevated temperature environments.
Solutions 30 containing mimmal bubbles produce phantom
calibration bodies with minimal signal distortion due to
susceptibility effects, which cause spatial inhomogeneity 1n
the static magnetic field that adversely aflects the measure-
ment of water diffusivity.

In order to minimize the evaporation of solvent from the
homogeneous aqueous solution 30 and/or absorption of
atmospheric moisture during production of the homoge-
neous aqueous solution 30, the solution may be produced
within an appropriate closed container. Non-limiting
examples of closed containers include laboratory glassware
with a stirrer. The polymer solution 30 may also be produced
using other equipment known 1n the art such as pressurizable
laboratory reactors, ultrasonic homogenizers, high viscosity
mixers and agitators for mixing high viscosity materials.

4. METHODS OF USING PHANTOM
CALIBRATION BODY

The phantom calibration body 12 may be used to calibrate
a diffusion MRI device. A method to calibrate a diffusion
MRI device may include placing the phantom calibration
body 12 1n the diffusion MRI device, obtaining measure-
ments of the phantom calibration body 12 by scanning the




US 9,603,546 B2

15

phantom calibration body 12 with the diflusion MRI device,
calculating a measure of water diffusivity including, but not
limited to, ADC or diflusion tensor quantities based on
imaging data of at least one diffusion MRI image obtained
from the diffusion MRI device.

The method for calibration may also include scanning the

phantom calibration body 12 using a diflusion-weighted
MRI sequence to obtain diffusion-weighted MRI data.

The 1maging data obtained from measurements of the
phantom calibration body 12 by the diffusion MRI device
may be subsequently used to calibrate the diffusion MRI
device for consistency throughout the available 1image vol-
ume of the diffusion MRI device, consistency with diffu-
sivity data obtained previously by the same diffusion MRI

L ] [

device, and consistency with diflusivity data obtained using
other diffusion MRI devices.

a. Routine Maintenance of Diflusion MRI Devices

The phantom calibration body 12 may be used to calibrate
the diffusion MRI device 16 as a maintenance routine by
on-site personnel or as a service package from an equipment
vendor. The phantom calibration body 12 may be used by
equipment vendors, diffusion MRI technicians, or research-
ers 1n stitutional departments such as the radiology depart-
ments of research institutions, laboratories, universities,
hospitals, and/or clinics in order to calibrate institutional
diffusion MRI devices. The calibrations may be performed
as part of routine maintenance procedures and/or to assess
the effects of the repair, adjustment, upgrade, or replacement
of hardware or soiftware components of the diffusion MRI
device on diffusion 1mage quality. In addition, the calibra-
tions may be performed on two or more diffusion MRI
devices 16 at the same or different institutions using the
same phantom calibration body 12 1n order to standardize
the quality of the diffusion images for comparative purposes.

b. Quality Assurance and/or Quality Control Processes

The phantom calibration body 12 may be used by vendors
of diffusion MRI devices 16 as part of a quality assurance
and/or quality control process. The calibration may take
place at the diffusion MRI device 16 manufacturing facility
prior to shipping the device to a purchaser or after the
installation of an diffusion MRI device at the purchaser’s
tacility. In addition, the vendor may perform a calibration as
part of a diagnostic process prior to the repair of a malfunc-
tiomng diffusion MRI device, and/or to determine whether
a repair procedure performed on the device was successiul.
The vendor may perform a periodic calibration of all diffu-
sion MRI devices produced by the manufacturer currently 1n
use to ensure consistent diflusion 1mage quality among all
diffusion MRI devices. The vendor may perform a calibra-
tion of a diffusion MRI device according to standard or
proprietary protocols as part of a quality assurance (QA) and
quality control (QC) program.

¢. Manufacturing or Development Processes

The phantom calibration body 12 may be used to calibrate
the diffusion MRI device 16 at a manufacturing facility in
order to assess the quality of the diffusion 1mage produced
by a particular manufacturing process. In this case, the
results of the calibration may be used as a measure of quality
and reproducibility of the manufacturing process.

Alternatively, the phantom calibration body 12 may be
used to calibrate a prototype diffusion MRI device at a
manufacturing facility. In this case, the results of the cali-
bration may be used as a measure of the quality of the
design, or the results of the calibration may provide infor-
mation used to refine the design of the prototype diflusion

MRI device.
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d. Diffusion MRI Resolution Calibration

As described previously, the phantom calibration body 12
may include a container 14 of known dimension. The
dimensions of an diflusion MRI 1mage obtained using the
phantom calibration body 12 may be compared to the known
dimensions of the container 14 in order to assess various
aspects of the image quality such as image spatial resolution
and 1mage distortion.

¢. Diflusion MRI Calibration System

Referring to the drawings an embodiment of a diflusion
MRI calibration system 1is illustrated and generally indicated
as 10 in FIG. 2. The diffusion MRI calibration system 10
may be used to calibrate a diffusion MRI device 16 using a
phantom calibration body 12.

Embodiments of the diffusion MRI calibration system 10
include particular components for providing various func-
tions as discussed above. The diffusion MRI device 16 may
be controlled using one or more processors 18 embodied in
one or more distributed or mtegrated component or systems

that store data, such as imaging data of the phantom cali-
bration body 12. The diffusion MRI calibration system 10
further includes a database 20 on which data 1s stored on a
computer readable media 25 on which one or more algo-
rithms, software, modules, data, computer-readable mnstruc-
tions, and/or firmware may be loaded and/or operated and/or
which may operate on one or more processors 18 to imple-
ment the systems and methods identified herein. In an
embodiment, the database 20 may be a storage system that
temporarily and/or permanently stores image data and may
include volatile and/or nonvolatile memory and/or other
types of storage systems or devices. The computer readable
media 25 may include volatile media, nonvolatile media,
removable media, non-removable media, and/or other media
or mediums that can be accessed by a general purpose or
special purpose computing device. For example, computer
readable media 25 may include computer storage media and
communication media, including computer readable media.
Computer storage media may further include volatile, non-
volatile, removable, and/or non-removable media 1mple-
mented 1n a method or technology for storage of information
including, but not limited to, computer readable 1nstructions,
data structures, program modules, and/or other data. Com-
munication media may, for example, embody computer
readable instructions, data structures, program modules,
algorithms, and/or other data. The communication media
may include wired and/or wireless connections and tech-
nologies and may be used to transmit and/or receive wired
or wireless communications. Combinations and/or subcom-
binations of the systems, components, modules, and meth-
ods and processes described herein may be made.

. Diffusion Tensor MRI (DTI) System

The phantom calibration body 12 may be used as an
1sotropic phantom body 12 for the measurement of 1sotropic
diffusivity. The measurement of a “standard™ 1sotropic dii-
fusivity 1s an important method for calibrating a scalar
diffusion constant or ADC for the MRI device 16. However,
it 1s not known in the art that such a measurement of the
1sotropic diffusivity has utility 1n calibrating methods for the
MRI device 16 to characterize more complex modes of
diffusion, such as anisotropic diflusion, that requires a
description using a second rank diffusion tensor, or a non-
Gaussian diffusion, that requires even higher order math-
ematical objects. For example, one of the most stringent
tests of a D'TT measurement 1s that the estimated or measured
diffusion tensor in each voxel within a homogeneous 1s0-
tropic medium 1s an 1sotropic tensor having the correct value
of the trace or mean ADC. Aberrations or artifacts in the
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MRI gradient or radio frequency (RF) receiver or transmitter
hardware, MRI sequences used to obtain the diffusion-

weighted 1mages (DWIs), image reconstruction software
used to obtain raw DWI data, and post processing algorithms
applied to these DWIs may all introduce errors that may
cause the measured diffusion tensors to deviate from their
correct 1sotropic form. As such, the spatial uniformity or
homogeneity of the measured isotropic diffusion tensors
within an 1sotropic homogeneous phantom calibration body
12 1s a powerful benchmark for validating the DTI acqui-
sition, processing and analysis processes.

In higher order diflusion MRI applications that attempt to
discover finer orientational features or the angular depen-
dence of the displacement distribution, such as Q-ball MRI,
an 1sotropic phantom body 12 may be used to assess whether
any artifactual systematic orientational biases are introduced
into the measurements, or to assess the susceptibility of the
measurement signals to noise. In displacement MRI meth-
ods that involve measuring the diffusion-weighted image
signal decay as a function of the length scale being probed,
an 1sotropic phantom may be used to ensure that for all
length scales for which the diffusion process 1s Gaussian and
1sotropic, the correct diffusion properties are determined.
This method has particular applications for single and mul-
tiple pulsed field gradient (PFG) MRI methods, such as
single and double PFG MRI methods.

The 1sotropic phantom calibration body 12 may be used to
calibrate any diflusion MRI methods that utilize diffusion-
welghted images (DWI) or data to obtain a finding or result.
These calibration methods include, but are not limited to,
diffusion tensor MRI (D11 or DT-MRI), diffusion spectrum
imaging (DSI), Q-ball imaging (QBI), composite hindered
and restricted model of diffusion (CHARMED) MRI,
AxCaliber MRI, spherical harmonic operator representation
(SHORE) MRI, single pulsed-field gradient (PRG), double
and multiple PRG MRI, and functional diffusion MRI (1DI).

g. Combined Diflusion MRI/Resolution Phantom Cali-
bration Body

The phantom calibration body 12 may be used as
combined diffusion MRI/resolution phantom cahbratlon
body. In this method of use, the same phantom calibration
body 12 may be used to calibrate an MRI device’s image
quality as well as the accuracy and precision of the MRI
device’s diflusion measurements. This use may be partlcu-
larly desirable for implementing QA processes 1n Radiologi-
cal departments and for assuring data quality 1n longitudinal
and multi-subject studies using measurements obtained

using an MRI device.

d. EXEMPLARY EMBODIMENTS OF
PHANTOM CALIBRATION BODY

Exemplary embodiments of the phantom calibration body
12 are presented below.

a. Brain Tissue Phantom

In one exemplary embodiment, the homogeneous aqueous
solution 30 of the phantom calibration body 12 may have
water diffusivity properties that effectively simulate those of
brain tissue. Brain tissue 1s a challenging tissue to mimic
using a phantom calibration body 12, due to the large
proportions of membrane space, fibers, and micro-structures
of the brain, as well as the small proportion of free space
relative to other tissues of the body. In this embodiment, the
phantom calibration body 12 includes a homogeneous aque-
ous solution 30 that includes about a 65% (w/w) concen-
tration of polymers, and has a measured ADC of about of
3x10™* mm*/s at room temperature, which is essentially
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similar to the ADC measured 1n gray matter, and the ADC
measured perpendicular to brain white matter fibers. Persons
of skill in the art may vary the polymer mixture concentra-
tion and/or mixing ratio of the constituent components to
obtain water diffusivity characteristics that essentially match
those of other tissues as discussed herein.

b. Multi-Chambered Phantom Calibration Body
FIGS. 3A-3C show the front view, side view, and top view

respectively of one embodiment of a multi-chambered phan-
tom calibration body 12A. In this embodiment, the phantom

calibration body 12A includes a container 14 A that defines

a first compartment 24, a second compartment 26, and a
central hole 28. First and second compartments 24 and 26
contain aqueous solutions of mixtures of polymers at vary-
ing concentrations of at least 1% (w/w) of the mixture. The
central hole 28 acts as a reference compartment for housing
a second solution that may include, but 1s not limited to, a
saline sample. The second solution acts as a reference with
respect to diffusivity having a diffusion coeflicient in sharp
contrast to those of the solutions in the first and second
compartments 24 and 26. Container 14 A may further include
a cap with an O-ring (not shown) for sealing ofl compart-
ments 24 and 26.

EXAMPLES

The following examples illustrate various aspects of the
embodiments that may be implemented by the diffusion
MRI calibration system 10.

Example 1

Production of Phantom Calibration Body

To demonstrate the feasibility of forming highly concen-
trated homogeneous solutions containing mixtures of low
molecular-weight and high molecular-weight polymers for
manufacturing the phantom calibration body 12, the follow-
ing experiment was conducted.

Solutions of PVP (Sigma-Aldrich) ranging from 15% to
65% w/w were prepared in either pure water or saline
solution (0.9% w/w). Polymer solutions were prepared in
three-necked round flasks of 1000 ml in volume provided
with a stirrer, a reflux cooler, and a thermometer as well as
with an electric heating jacket. For example, a 47% PVP
solution was achieved by weighing about 220 g of the high
molecular weight poly(vinyl pyrrolidone) (average molecu-
lar weight 75 kDa) previously dried at 102° C. for 6 hours
and dissolved 1n about 280 ml detonized water 1n a 1000 ml
round flask at 85° C. The resistivity of the deionized pure
water used 1n this process was about 18.2 megohm as
obtained from Millipore’s Reagent Grade water purification
system. All 15 to 65% PVP solutions were heated and stirred
at 85° C. until the polymer was completely dissolved. For
the 47% PVP solution, about 70 g of the low molecular
weigh dry poly(vinyl pyrrolidone) sample (average molecu-
lar weight 15 kDa) was separately weighed and used. The
low molecular weight dry poly vinyl pyrrolidone had been
previously dried at 106° C. for 4 hours and dissolved 1n 50
ml deionized water (resistivity: 18.2 megohm) 1 a 1000 ml
round flask at 85° C. Again, during the dissolution step,
stirring was applied. To the low molecular weight polymer
solution, the above solution of the high molecular weight
polymer was added while the flask was agitated. There was
no temperature change during the mixing process. After
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completion of the addition of the high molecular weight
polymer solution, the temperature was raised to 95° C. by
external heating. The mixture was kept at 95° C. to expel
suspended air bubbles. While the internal temperature was
maintained, stirring was continued as a solution of 0.05 g
sodium-azide 1 1.0 ml water was added as a preservative.
Stirring was continued for 4 hours before cooling to 25° C.

For all PVP solutions, the concentration of the solid
content was measured after cooling. A gravimetric method
was used, 1n which the solvent (water) was evaporated and
the sample weight was measured until a constant value was
obtained. This method required a high precision scale and
1-2 malliliter sample volumes. The solvent evaporation took
place at 100° C. at atmospheric pressure for several hours
(overnight). The concentration was expressed 1n weight
fraction (or weight percent, wt %)

wh
w1 + wh

wt Y% = 100

where wl=grams of solvent (water) and w2=grams of
solute (polymer+salts). In the present example the concen-
tration of the solution was 46.9 wt %.

The results of this experiment demonstrated the feasibility
of forming highly concentrated homogeneous solutions con-
taining mixtures ol low molecular-weight and high molecu-
lar-weight polymers for manufacturing the phantom calibra-
tion body 12

Example 2

Tect of Temperature on ADC of Phantom
Calibration Body

To assess the water diflusion properties of a prototype
phantom calibration body 12, and to further assess the
sensitivity of the water diflusion properties to changes in
temperature, the following experiment was conducted.

A phantom calibration body 12 with a 65% polymer
mixture content (w/w) was produced using the methods
described 1n Example 1. The polymers in the phantom
calibration body 12 included 10% low molecular-weight
PVP (molecular weight of about 10,000 Da) and 90% of a
high molecular-welght PVP (molecular weight of about
40,000 Da). Diffusion MRI data was obtained from the
phantom calibration body 12 at 20.6° C. (room temperature)
and 37° C. (physiological temperature). Diflusion data was
acquired with single-shot echo planar i1maging (EPI)
sequences and involved a total of 120 different gradient
direction h-values, with a maximum b of 1100 s/mm~. The
measurements were conducted using a General Electric
(GE) 3T Excite scanner with 40 m'T/m maximum gradient
strength and a Nova 16 Channel coil.

FIG. 4 summarizes the measured signal intensity as a
function of b-values for the phantom calibration body 12 at
20.6° C. (upper line) and at 37° C. (lower line). The ADC
was determined from the slopes of the two lines shown in
FIG. 4. The ADC of a pure water sample was determined
using the same method described above. Table 1 summarizes
the ADC values determined from the water sample and the
phantom calibration body:
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TABLE 1

COMPARISON OF ADC FOR PHANTOM BODY VS, WATER

ADC (mm?/sec)

Phantom Body Pure Water

Temperature (° C.) (65% polymer solution) (0% polymer solution)

2.02 x 1073
299 x 1073

2.18 x 107
4.24 x 107

20.6
37

The ADC values for pure water were larger than those of
the phantom calibration body 12 and may be due to free
water molecules in pure water having more mobility than
those in the copolymer solution, as expected. The measured
ADC values for pure water were also consistent with pre-
viously published values.

The results of this experiment demonstrated that the 65%
concentration of a copolymer solution had a water diffusiv-
ity, measured by ADC, comparable to that of human tissues.
Specifically, for aqueous solutions of polymers and/or copo-
lymers, the diffusivity of water molecules measured by ADC

may be varied over a broad range from about 3x10™> mm~/s,
which is about the diffusivity of pure water, to about 2x10™
mm~/s, which is lower than the diffusivity of water mol-
ecules 1 virtually any biological tissue at 37° C.

Example 3

B

Effect of Polymer Concentration on Diffusion
Characteristics of Phantom Calibration Body

To determine the eflects of the polymer concentration on
the diflusion characteristics of water within a phantom
calibration body 12 contaiming mixtures of low molecular
welght and high molecular weight polymers, the following
experiment was conducted.

A series of phantom calibration bodies 12 having PVP
concentrations ranging from 13% to 71% as described 1n
Example 1 were obtamned. ADC measurements were
obtained at a temperature of 22° C. for each PVP solution
using the methods described 1n Example 2.

MRI data was acquired using a GE 3'T Excite scanner with
40 mT/m maximum gradient strength and a Nova 16 Chan-
nel coil at 22° C. Diffusion data was acquired using a
single-shot EPI and consisted of 120 different gradient
direction/b-values, with a maximum value of b=1100
s/mm-~. T, relaxometry was performed with a DESPOT (3)
acquisition (TR=8.1 ms, four flip angles=30, 19, 10 and 2
degrees, B1 mapping with 150, 450, and 750 ms inversion
recovery acquisitions). T, relaxometry was performed with
a spin echo acquisition (TE ranging from 10 to 700 ms).
Additional NMR data was acquired 1n a 47% PVP solution
on a Bruker 7T vertical spectrometer with 1000 mT/m
maximum gradient strength and a temperature controlled
probe set to 20.6° C. The experiments under this example
were aimed at evaluating the mono-exponentiality of the
signal decay at b-values up to 6,000 s/mm~ and the effect of
varying the diffusion time (A) from 20 to 200 ms.

The ADC measurements are summarized i FIG. § as a
function of PVP concentration. The measured ADC values
were linearly correlated (R*=0.992) to the PVP mixture
concentration up to a concentration of 50%, with a slope of
—35.4 and an intercept with the vertical axis at 2025x107">
mm?>/s. The intercept ADC value, representing the ADC at a
polymer concentration of 0%, was very close to the docu-

mented ADC of free water at 22° C. At higher PVP con-
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centrations, the relationship between ADC and PVP con-
centration diverted from linearity and exhibited more
complex behavior.

In addition, the relaxation time T, of each polymer con-
centration was measured from the diflusion MRI data used
to determine the ADC. FIG. 6 summarizes the relaxation
times T, as a function of the measured ADC for each
polymer solution. Based on FIG. 6, an ADC of 8.0x107
mm~/s, typical of gray matter in the human brain, corre-
sponded to a T, of 1392 ms, which was slightly higher than
the previously reported T, of brain tissue at 3 T. Further-
more, the measured T,* of the PVP mixture solution was
generally higher than that of brain tissue. For example,a T, *
of 196 ms was measured at 55% PVP mixture concentration.

The results of this experiment demonstrated that a homo-
geneous aqueous solution that included PVP polymer pos-
sessed a range of water diffusivity values that included the
range of diffusivities representative of known tissues includ-
ing grey matter, such as brain tissue. In particular, a PVP
concentration of about 50% possessed diffusion character-
istics that were essentially the same as many tissues. How-
ever, the T, and the T,* relaxivity characteristics of the
polymer solutions were typically higher than the relaxivity
of tissues having essentially the same diffusivity.

Example 4

Effect of Diffusion Time on Diffusion
Characteristics of Phantom Calibration Body

To characterize the diflusion characteristics of water
within the phantom calibration body 12 containing mixtures
of lower molecular weight and higher molecular weight
polymers, the following experiment was conducted.

A 47% PVP mixture solution obtained using the methods
described in Example 1 was placed in a Bruker 7T vertical
spectrometer with 1000 mT/m maximum gradient strength
and a temperature-controlled probe set to 20.6° C. Measure-
ments were conducted at b-values of up to 6000 s/mm~ and
for diflusion times ranging from 20 ms to 200 ms.

Table 2 summarizes the measured ADC of the 47% PVP
mixture solution as a function of diffusion time A. Up to the
maximum diffusion time A of 200 ms, corresponding to a
b-value of 6000 s/mm®, the measured ADC appeared to be
independent of the diffusion time A.

TABLE 2

EFFECT OF Diffusion TIME ON ADC

Diffusion Time A (ms) ADC (10~* mm?/s)

20 3.790
60 3.715
120 3.705
200 3.691

The results of this experiment indicated a Gaussian dif-
fusion of a single population of spins for the polymer
solution tested. This characteristic 1s a desirable feature 1n a
diffusion phantom body to be used for calibration purposes.

Example 5

Stability of Polymer Solution 1n Phantom
Calibration Body

To characterize the stability over time of the phantom
calibration body 12 containing mixtures of lower molecular
weilght and higher molecular weight polymers, the following,
experiment was conducted.
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A 43% PVP mixture solution produced using the methods
described in Example 1 were stored 1n a sealed container and
scanned three times over a period of 15 months. The

variation of measured ADC over that period was determined
to be about 2%.

The results of this experiment indicated that the 43% PVP

mixture solution was stable for a period of at least 15
months.

Example 6

Isotropic Diffusion in Phantom Calibration Body

To characterize the isotropic diflusion characteristics of
water within of the phantom calibration body 12 contaiming
mixtures of lower molecular weight and higher molecular
weilght polymers, the following experiment was conducted.

A series of diffusion MRI measurements were conducted
on four phantom calibration bodies 12 using methods similar
to those described in Example 4. Each phantom calibration
body 12 had a PVP polymer concentration of 0%, 24.3%,
34.5%, and 46.6%, respectively. For each phantom calibra-
tion body 12, each measurement in the series of diffusion
MRI measurements varied the b-value through a range of
different values.

The results of these measurements are summarized in
FIG. 7. At each PVP concentration, the MRI signal decayed
exponentially with increasing b values. The curve {its, also
shown in FIG. 7, each had R values very near to unity for
all concentrations, indicating that a monoexponential diffu-
sion model fits the data perfectly. The monoexponential
diffusion model 1s consistent with 1sotropic diflusion char-
acteristics.

The results of this experiment indicated that the phantom
calibration body 12 has 1sotropic diffusion properties

throughout a range of polymer concentrations.

Example 7

Effects of Temperature and Polymer Concentration
on Diflusion in Phantom Calibration Body

To characterize the effects of temperature on the diffusion
characteristics of water within of the phantom calibration
body 12 containing various mixtures of lower molecular
weilght and higher molecular weight polymers, the following
experiment was conducted.

A series of diffusion MRI measurements were conducted
on four phantom calibration bodies 12 similar to those
described 1 Example 6 using methods similar to those
described 1n Example 4. Within the series of measurements
for each phantom calibration body 12, the temperature was
varied from about 20° C. to about 37° C.

The results of this experiment are summarized in FIG. 8,
which shows the measured apparent diffusion coeflicient
(ADC) as a function of temperature and PVP polymer
concentration. The pure water (0% polymer concentration)
ADC values are consistent with previously published data
(Mills et al 1973). In general, measured ADC wvalues
decrease as polymer concentration increases, and as tem-
perature decreases. Interestingly, the measured ADC values
of the polymer solutions at room temperature obtained ADC
values that were well below the ADC value of pure water at
0° C.

The results of this experiment demonstrated that the
polymer solutions of the phantom calibration body 12
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achieved a range of diflusivity values that are well-suited to
mimic the large range of diffusivity characteristics found in
biological tissues.

It should be understood from the foregoing that, while
particular embodiments have been 1llustrated and described,
various modifications can be made thereto without departing
from the spirit and scope of the invention as will be apparent
to those skilled in the art. Such changes and modifications
are within the scope and teachings of this mvention as
defined 1n the claims appended hereto.

What 1s claimed 1s:

1. A method of calibrating a diffusion MRI device com-
prising;:

providing a phantom calibration body comprising:

a homogenous aqueous solution of polyvinyl pyrroli-
done having a distribution of molecular weights with
a mean of 35-1000 kiloDaltons (kDa); the homog-
enous aqueous solution having a diffusivity that 1s
essentially the same as a target mammalian tissue
and a viscosity ranging from about 102 centistokes
(cSt) to about 106 cSt;

placing the phantom calibration body 1n a diffusion MRI

device;
obtaining diffusion 1maging data of the phantom calibra-
tion body by scanning the phantom calibration body
with the diffusion MRI device, wherein the MRI device
comprises one or more processors and wherein the
diffusion 1imaging data are stored on at least one of the
ONe Or MOre Processors;

calculating a diffusivity measurement based on the diffu-
sion 1maging data that 1s indicative of water diffusivity
of the homogeneous aqueous solution, wherein the
diffusivity measurement 1s calculated by at least one of
the one or more processors; and

calibrating the diffusion MRI device based on the calcu-

lated diffusivity measurement.

2. The method of claim 1, wherein the calibration 1s
performed as part of an activity selected from the group
consisting of a routine maintenance of the diffusion MRI
device, a troubleshooting and repair process on the diffusion
MRI device, a quality assurance/quality control process on
the diffusion MRI device, and a performance assessment of
a prototype diffusion MRI device 1n a design process.

3. The method of claam 1, wherein the homogeneous
aqueous solution comprises at least 0.1% (w/w) polyvinyl
pyrrolidone.

4. The method of claim 1, wherein the homogeneous
aqueous solution comprises 1% to 80% (w/w) polyvinyl
pyrrolidone.

5. The method of claim 1, wherein the homogeneous
aqueous solution comprises 5% to 20% (w/w) polyvinyl
pyrrolidone.

6. The method of claam 1, wherein the homogeneous
aqueous solution comprises 20% to 80% (w/w) polyvinyl
pyrrolidone.

7. The method of claim 1, wherein the distribution of
molecular weights has a mean of 5 to 40 kDa.
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8. The method of claim 1, wherein the distribution of
molecular weights has a mean of 40-1000 kDa.

9. A method of calibrating a resolution performance
parameter of a diffusion MRI device comprising:

providing a phantom calibration body comprising one or

more known phantom dimensions, and the provided

phantom further comprising:

a homogenous aqueous solution of polyvinyl pyrroli-
done having a distribution of molecular weights with
a mean of 5-1000 kiloDaltons (kDa);

the homogenous aqueous solution having a diffusivity
that 1s essentially the same as a target mammalian
tissue; and

the homogenous aqueous solution also having a vis-
cosity ranging from about 10° centistokes (cSt) to
about 10° cSt;

placing the phantom calibration body in a diffusion MRI

device;
obtaining one or more diffusion-weighted 1mages of the
phantom calibration body by scanning the phantom
calibration body with the diffusion MRI device,
wherein the MRI device comprises one or more pro-
cessors and wherein the diffusion-weighted 1mages are
stored on at least one of the one or more processors;

obtaining, from the one or more processors, one or more
image dimensions Irom the obtamned diffusion-
welghted 1mages, wherein the 1mage dimensions cor-
respond to the one or more known phantom dimen-
S10NS;

comparing, using at least one of the one or more proces-
sors, the one or more known phantom dimensions to the
one or more image dimensions 1n order to determine
the resolution performance parameter that 1s being
calibrated with the resolution performance parameter
being selected from 1mage resolution and 1mage dis-
tortion; and

calibrating the resolution performance parameter of the

diffusion MRI device based on the comparison.

10. The method of claim 9, wherein the homogeneous
aqueous solution comprises at least 0.1% (w/w) polyvinyl
pyrrolidone.

11. The method of claim 9, wherein the homogeneous
aqueous solution comprises 1% to 80% (w/w) polyvinyl
pyrrolidone.

12. The method of claim 9, wherein the homogeneous
aqueous solution comprises 5% to 20% (w/w) polyvinyl
pyrrolidone.

13. The method of claim 9, wherein the homogeneous
aqueous solution comprises 20% to 80% (w/w) polyvinyl
pyrrolidone.

14. The method of claim 9, wherein the distribution of
molecular weights has a mean of 5 to 40 kDa.

15. The method of claim 9, wherein the distribution of
molecular weights has a mean of 40-1000 kDa.
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